Recent crystallographic studies have shown that both backbone and side-chain adjustments occur when different core-packing arrangements are accommodated in proteins. Thus, modeling methods, which have typically considered only side-chain adjustments, must now also account for backbone movements to accurately predict the energies and structures of mutated or designed proteins. The 'plasticity' of protein cores demonstrated by random mutagenesis simplifies protein design by increasing the likelihood of identifying alternative core sequences.
Introduction
To effectively engineer proteins, we need to understand how amino acid sequences specify structure, function and stability. Patterns of hydrophobic residues in polypeptide sequences are a key determinant of the type of fold that is adopted [1, 2] . In soluble globular proteins, burial of hydrophobic residues drives compaction and helps specify secondary and tertiary structure [3,4°,5] . Non-polar side chains typically pack tightly in the interior, forming the solvent-inaccessible protein 'core', whereas surface side chains are generally polar. Tight packing of buried residues has been suggested to limit the core sequences that are tolerated in a particular fold [6--9] . In computational approaches to protein design and structure analysis, packing constraints are a major consideration. Here, we briefly review the origins o f these ideas and discuss recent work indicating that such constraints are, in fact, much looser than previously thought. Paradoxically, the structural basis for tolerance to different cores complicates prediction of the effects of mutation on structure and stability, but simplifies the problem of protein design.
cal repeats of hydrophobic and hydrophilic residues [13,14°°,15,16°,17°]. Coiled-coil dimers, trimers and tetramers have also been specified by simple patterns of hydrophobic residues [18"]. In mutants containing insertions between residues that are in or-helices [19°,20°°,21°,22°], the choice between 'looping out' or translocating adjacent helical residues was apparently controlled by the relative dispositions of polar and nonpolar residues [19°,20"'] . Finally, burial of a non-polar surface has been correlated with helical propensity at solvent-accessible sites in T4 lysozyme [23°,24°°].
The importance of the hydrophobic nature of protein cores for stability is also well established [25°,26°,27]. Truncation of core side chains to alanine [27-31, 32"-34 °] is much more destabilizing (up to 5 kcal mo1-1 for leucine residues) than alanine substitutions of most surface residues (+ 1 kcalmo1-1) [23",30,31,32°-34°,35, 36"]. Similarly, substituting non-polar buried side chains with smaller hydrophobic [27,28,37°°,38,39] or polar residues [40°, [41] [42] [43] ] is more destabilizing than increasing the hydrophobicity of surface-exposed side chains [23°,24°°] . In some cases, substitution of buried polar residues with non-polar amino acids has led to stabilization [44°, 45, 46] .
The importance of the hydrophobic effect in determining protein structure and stability
Hydrophobicity patterns in amino acid sequences are one of the most conserved features of proteins that have the same fold [2] . Theoretical studies using highly simplified lattice models [10-12] of protein chains, as well as recent experimental work, suggest that such patterns can specify secondary and tertiary structure. For example, four-helix bundles were readily generated using polypeptide sequences based on heli-
Theoretical evaluation of packing constraints
The constraints imposed on protein structure and stabili W by core packing have not yet been clearly defined [25",26",47",48°,49]. As judged from protein crystal structures, core side chains are 'well packed': they are rigid, clustered at high density, and generally in low-energy conformations. This jigsaw puzzle-like fit of side chains led to the suggestion that very few combinations of hydrophobic residues might be compatible Abbreviation rmsd--root mean square deviation.
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with a given fold [7] . In this view, packing arrangements, and thus the identities of core residues, contain crucial information specifying protein structure. [63,64°,65] . As is the procedure with PROPAK, the model backbone and surrounding framework atoms were held fixed, at least during side-chain enumeration. Where overall energy minimization was performed on a limited subset of culled structures, the backbones did not deviate far from their initial positions [53,54°,58]. The inherent assumption of these approaches is that movements of the backbone away from the wild-type position to avoid steric conflicts are destabilizing [66] . [102] . They generated a library of potential four-hehx bundles specified by a simple 'binary' pattern of polar and non-polar amino acids. Although previous approaches were based on fully defined sequences [13,15,16°] , in this case, a potential 1041 combinations were specified using random assortments of five different non-polar amino acids and six different polar types. When expressed in Escherichia coli, 48 of 69 sequences (60%) yielded soluble products. Initial characterization of three polypeptides showed that they were monomeric and highly helical, and two had stabilities approaching those of known proteins (3.7 kcal mo1-1 and 4.4 kcalmol-1). Thus, a large fraction of all possible sequences folded into compact soluble structures. At least 3% were reasonably stable, suggesting that packing details are a very weak constraint in this system. Even so, a cautionary note is required: many o f these bundles may be 'molten globules' or may lack well defined three-dimensional structures. Characterization o f native-like sequences obtained in this way should facilitate the formulation o f rules for design of novel polypeptide structures.
Mutational studies of protein cores

Conclusions
The 'plasticity' o f protein cores that is demonstrated by data from random mutagenesis, simplifies protein design by increasing the likelihood o f identifying the alternative amino acid sequences that lead to folded functional proteins. At the same time, however, recent crystallographic studies have shown that both backbone and side-chain adjustments occur when different core-packing arrangements are accommodated in proteins. Thus, modeling methods, which have typically considered only side-chain adjustments, must now also account for backbone movements to accurately predict the energies and structures of mutated or designed proteins. This remains the challenge for the future. 
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